ABSTRACT
INTRODUCTION
Lane change manoeuvres are an important part of microscopic traffic simulations, and significantly affect the results produced by these simulations [1] . Lane changes contribute to a significant percentage of the collisions due to wrong estimation of distances between the vehicles by the drivers [2] . Wang et al. report that 20% of the highway collisions occur due to the inappropriate lane changes [3] .
Studies on lane change have been conducted for around three decades, e.g. [4] . In [5] a group of 16 drivers was gathered to investigate the characteristics of lane change. The characteristics examined included lane change duration and required distance as well as the initial position of the vehicle. This study showed that the driver's age and the direction of lane change do not influence the aforementioned characteristics.
Another research based on the use of a driving simulator for steering wheel data recording during lane change showed that the type of the front vehicle does not affect the manoeuvre duration and maximum angle of the steering wheel, while the velocity of the front vehicle influences the aforementioned characteristics [6] . In [7] , a model was developed for vehicle lane change based on the cellular automaton (CA) which mainly focused on some of the vehicle's constraints such as maximum acceleration and deceleration. The rules used in [7] were later used in another study for traffic simulation in double-and triple-lane highways in [8] and it was demonstrated that the developed model allows realistic simulations.
A Multi-input Multi-output adaptive neuro-fuzzy system was used in [9] to model the driver behaviour during the lane change based on realistic data. The developed model exhibited satisfactory performance even in the presence of operation delay. In the research conducted by Song et al. [10] for the design of emergency lane change path (automated lane change lected as the final path. In [15] , some models were proposed for passenger cars and heavy vehicles using accurate camera information and analysis of experimental recorded data. By inclusion of car-following behaviour and taking dynamic constraints into account, a new model was developed which allowed for velocity change during vehicle manoeuvring [16] . This model was simple and more consistent with the real lane change behaviour of the drivers. During a research on parameters affecting the vehicle lane change process, it was revealed that the shape and duration of a manoeuvre do not depend on the leading vehicle and are only influenced by the starting point of the manoeuvre [17] . Moreover, in this study a simple mathematical model was developed based on the optimization of the consumed fuel during the manoeuvre.
In all aforementioned studies, decision-making unit considers only the initial condition of traffic vehicles and assumes there will be no changes in their behaviour during the lane change manoeuvre. Hence, in case of any changes in traffic movement, the system will not be able to correct its primary decision. The innovation of the proposed algorithm is the integration of process dynamics which enables the system to modify the manoeuvre if any environmental change appears in the middle of the lane change. The inclusion of the effect of lateral displacement of all vehicles, taking tyre-road friction into account, respecting vehicle dynamics, and providing real-time performance are the other advantages of the proposed system. due to driver inability to control the vehicle), a model was proposed based on the artificial potential approach and the elastic band theory, which can be used in different circumstances such as driving on straight and curved paths as well as lane change manoeuvres. In this study, yaw rate and lateral vehicle acceleration were used to evaluate the generated path. In another study, an algorithm was proposed which is able to identify the boundaries of the path, store the obtained information and design the desirable driving path using a vectorial approach [11] . In [12] the driving task was interpreted as a model predictive control which is able to control and stabilize the double-lane change manoeuvre using fuzzy logic in accordance with the ISO standard. The aforementioned approach was also employed in another study [13] to control vehicle velocity in addition to the lane change manoeuvring. The experiments conducted on a one-way two-lane road demonstrated suitable longitudinal and lateral control action of the vehicle consistent with the traffic condition of the road.
In research carried out by Zhang et al. [14] , the process of path design was adapted to the driving condition. In this approach, first the optimal steering angle is computed by forming a trade-off between vehicle performance and passenger comfort and then a lane change path is suggested based on the calculated angle and in accordance to the dynamic constraints of the vehicle. Finally, if no collision occurs between the vehicles on the suggested path, it would be se- 
AUTOMATIC LANE CHANGE SYSTEM
In general, a lane change control system consists of three layers. Figure 1 shows an illustration of different layers of this system and the one-way top-down format of signal flow between these layers. This figure also presents the system interface to other driver assistance systems.
The first layer embraces the decision-making system which investigates the possibility of a lane change by using sensor data and comparing the ego (lane changer) vehicle's position to other vehicles. In the second layer, the vehicle's trajectory is generated. The generated trajectory must fulfil the dynamic constraints of the vehicle and can be optimized based on different measures such as safety, passenger comfort or fuel consumption. Finally, the third layer carries out the steering of the vehicle on the designed trajectory.
In this study, the conventional format of one-way top-down signal flow between the layers of automatic lane change algorithm (see Figure 1 ) has been modified. In the proposed algorithm, as demonstrated in Figure 2 , the Decision Making (DM) unit gathers all required information from the sensors and decides if the lane change is possible. Then, it transfers the corresponding data to Path Planning (PP) unit where the initial path is designed. If the traffic behaviour and road condition do not change during the manoeuvre, the Vehicle Control (VC) unit guides the vehicle to follow the initial designed path for a safe lane change. If any changes appear in the middle of the manoeuvre so that the initial path is not safe anymore, then the DM is able to correct its primary decision to avoid any collision. It delivers all the updated data to Path Re-planning (PR) unit for redesigning a safe path. This task can be repeated several times during the lane change manoeuvre based on environment traffic behaviour. The design of PP, PR, and VC units are not discussed here and this study mainly focuses on the development of the DM Unit.
It is clear that like the conventional lane change system, the proposed algorithm has to satisfy constraints such as vehicle dynamics, stability, continuity, and robustness. In addition, it should be able to operate in cooperation with Advanced Driver Assistance Systems (ADAS) such as LKA and ACC.
PROBLEM DEFINITION AND PROPOSED APPROACH
In this study it is assumed that the vehicle is being driven on a straight, level highway without any intersections. Due to some reasons, such as driver's drowsiness or heart attack, the vehicle is intended to be steered toward the right side of the road to avoid collision with other vehicles. This manoeuvre needs to be done in presence of other vehicles in a dynamic traffic environment.
During this manoeuvre, the longitudinal velocity of the vehicle is assumed to be constant. These assumptions are usually valid during lane change in normal condition. Hence, the trajectory equation can be derived by expressing the lateral displacement of the vehicle in terms of time, 
where y is lateral displacement of the vehicle, t represents time, and a to f are factors of the polynomial which needs to be defined for the definition of the lane change path. The displacement and lateral velocity of the vehicle at the beginning and end of the manoeuvre are zero. In addition, based on the assumption in [20] , and considering the vehicle constant longitudinal velocity during the lane change, lateral acceleration at the beginning and end of the manoeuvre can be set to zero. The mathematical representations of the aforementioned assumptions are 
In this research, x axis of the ground based coordinate directed toward the highway and vehicles movement direction. Besides, y axis is selected such that z axis is upward and perpendicular to the road surface. The selected coordinate is illustrated in Figure 3 
Figure 3 -Definition of constraints in lane change manoeuvre
Then, the decision on lane change possibility is made by comparing the computed lane change durations. Further, the methodology of calculating critical trajectories based on each of the aforementioned constraints will be described.
Case 1: A vehicle in front on the same lane
Considering Figure 3 -a, during the lane change the left front corner of vehicle E (point P) will touch the right rear corner of vehicle A (point M) if C 1 is zero. A magnified illustration of this situation is shown in Figure 4 .
Figure 4 -Illustration of lateral constraint between ego vehicle and vehicle in front on the same lane
Considering the safe distance of C 1 between the vehicles when their longitudinal coordinates coincide, one will obtain:
(2) to equation (1) 
As mentioned earlier, the decision on the lane change must be made in the presence of other vehicles and in a dynamic environment. It is assumed that, in the worst-case scenario there are three other surrounding vehicles during the manoeuvre, as shown in Figure 3 . Vehicle E represents the ego (lane changer) vehicle, vehicle A represents the leading vehicle at the same lane, and vehicles B and D are leading and rear vehicles on the target lane, respectively. Possible rear vehicle on the same lane is considered not to affect the manoeuvre and therefore neglected. Moreover, the dashed-line vehicle in Figure 3 indicates vehicle E during the manoeuvre. Next it will be shown that if the four conditions below are satisfied, the lane change manoeuvre will be possible: 1) During the manoeuvre, the lateral distance between the right front corner of vehicle E and right rear corner of vehicle B must be at least C 1 ( Figure 3-a) ;
2) After the manoeuvre and movement of vehicle E to the target lane, its distance from vehicle B must be C 2 ( Figure 3) During the manoeuvre, the lateral distance from the right rear corner of vehicle E to the left front corner of vehicle D must be at least C 3 . Moreover, after the manoeuvre, the longitudinal distance between these vehicles must be at least C 4 ( Figure 3 -c);
4) The generated lateral acceleration of E during the manoeuvre must be achievable, considering the prevailing friction potential between the road and the tyre.
The proposed decision-making algorithm investigates the possibility of designing a trajectory, considering all the abovementioned constraints. If a trajectory is feasible, the algorithm allows the manoeuvre within the suggested time; otherwise, the ego vehicle is kept on the current lane until appropriate manoeuvre conditions are available.
The decision-making algorithm focuses on time as the main decision-making parameter. First, the lane change duration for the most critical trajectory in terms of each constraint is derived.
where y A (t) and y E (t) indicate the lateral position of the centre of gravity of vehicles A and E, respectively, while O P E is the length of the imaginary line connecting vehicle E's centre of gravity to point P and can be computed using,
where l Ef indicates the longitudinal distance from vehicle E's centre of gravity to the vehicle's front and w E is the width of vehicle E. On the other hand, in equation (4), θ P is the angle between O P E and longitudinal axis of the vehicle, hence:
Similarly, parameter M OA in equation (4) 
where l Ar indicates the longitudinal distance from vehicle A's centre of gravity to the vehicle's rear and w_A is the width of vehicle A. In addition, in equation (4), parameter θ_A (t) is the angle between the vehicle's longitudinal axis and the horizon while θ_E (t) represents the angle between the longitudinal axis of vehicle E and the horizon at any moment. These parameters can be computed by,
where v xE and v yE are the longitudinal and lateral velocity of the ego vehicle in the global coordinate system. Based on equation (8), the following is obtained,
The condition for longitudinal coincidence of points P and M can be stated by
By substituting (5)- (8) and (10-11) into (4) and using the numerical technique presented in [21] , one can solve (4) and obtain the manoeuvre duration t m such that constraint C 1 is satisfied. This time is labelled as t 1 . Obviously, this constraint designates all trajectories in which the lateral distance between M and P is greater than C 1 , as a candidate for a safe trajectory. The value of C 1 itself can be a function of environmental conditions and the desirable safety factor.
Case 2: Another vehicle in front and on the target lane
Various studies have addressed the issue of the minimum safe longitudinal distance between two vehicles and several formulations have been developed for this distance, e.g. [22, 23] . In this study, the method proposed by Juala et al. [24] is employed. In this conservative method, it is assumed that the velocity of the front vehicle suddenly becomes zero in case of collision with an obstacle. In this circumstance, the safety distance is obtained as,
In (12), s 0 is the safe stopping distance, while a Eb is the maximum acceleration of vehicle E. In addition, t d is the reaction time of the driver which depends on various factors such as physical and mental condition of the driver as well as road conditions and usually varies between 0.67 and 1.11 [25] . In case when automatic braking systems are used, such as emergency braking system (EBS), t d is reduced. Moreover, the maximum deceleration is determined based on different conditions such as the actual value of tyre-road friction. Finally, by substituting all required parameters in (12), C 2 and hence the manoeuvre time, labelled t 2 , can be obtained. Hence, at the specified time instant, the longitudinal and lateral positions of two vehicle are governed by (13) and (14) 
Case 3: A vehicle behind and on the target lane
This case is a combination of the first two cases. To obtain the lane change duration, firstly the appropriate manoeuvre time is computed based on the safe lateral distance using (15) . Then, the suitable manoeuvre time is obtained using the safe longitudinal distance at the end of the manoeuvre using (16) . As the behaviour of vehicle D is controlled by the automatic system, the possibility of sudden velocity change is almost negligible and hence a two-second law [26] is used instead of the conservative method in case two. Finally, the To date, various studies have been carried out based on the real driving data or driving simulation data to calculate lane change manoeuvre duration preferred by human drivers [27] [28] [29] [30] [31] . = -+ -
The lateral displacement, velocity and acceleration of the trajectory in terms of time are shown in Figure 6 . As seen in this figure, the maximum lateral acceleration on this trajectory is about 1.2 m/s 2 , which maintains passenger comfort.
higher value among the two obtained values is introduced as t 3 
In equations (19) (20) , w D indicates vehicle D's width. A larger illustration of the vehicles condition in this case is shown in Figure 5 . 
Case 5: The most aggressive lane change
The designed trajectory for the vehicle must be feasible with respect to vehicle dynamics. In other words, in addition to continuity and differentiability of the trajectory, the dynamic constraints of the vehicle must be satisfied. In particular, in case of the lane change, it must be ensured that the generated lateral acceleration during the manoeuvre is attainable, considering maximum tyre-road friction coefficient, and that vehicle stability can be maintained.
To ensure this, the duration of the most severe lane-change manoeuvre must be computed and then the trajectory designed which allows a manoeuvre time duration greater than the duration of the most severe lane-change manoeuvre. In this case, the dynamic equation of the vehicle at the lateral axis can be stated by,
where p is the roll rate, r indicates the yaw rate, a y represents the lateral acceleration of the vehicle, v x and v z are longitudinal and perpendicular velocity of the vehicle, m is vehicle's weight and F y is the lateral force applied to the vehicle and obtained by,
where F xi , F yi and δ i are longitudinal force, lateral force and steering angle of i-th wheel, respectively. If the vehicle travels through the path which was obtained from equation (3) 
By substituting h = 3.75 (m) into (24), the maximum lateral acceleration at the following time instants can be obtained,
After substituting (25) into (24), the maximum lateral acceleration can be computed as follows,
Obviously, the lateral acceleration increase is proportional to the square of manoeuvre time duration and to achieve higher acceleration, manoeuvre time must be decreased. By substituting (22) into (26) (27) Hence, the influence of the vehicle dynamics and prevailing road conditions on the minimum lane change time is taken into account. The lateral force produced beneath each tyre, F yi , depends on the lateral slip angle and can be computed using (28) 
where F zi , μ xi and μ yi are perpendicular force, longitudinal friction coefficient and lateral friction coefficient of tyre i, respectively. According to (23) and (27)- (29), it is inferred that the shortest lane change duration, (t m ) min depends on different parameters such as vehicle acceleration, tyre performance, road conditions and some characteristics of the vehicle, e.g. weight and the distance from front and rear axles to the gravity centre. Next, the minimum lane change time is derived as a function of three variables, including the longitudinal velocity, weight and friction. These factors, apart from the level of influence, take time-varying values. In a specific vehicle, the weight may change depending on the number of passengers or loading volume. Similarly, the maximum tyre-road friction coefficient depends on the road condition as well as the tyre characteristics. Finally, lane change manoeuvre may be carried out at different velocities. The vehicle's weight and velocity can be easily measured instantaneously and there are different methods to estimate maximum tyre-road equals road width, i.e. 3.75 m. After calculating θ, manoeuvre time t m , is reduced by 0.05-second steps until vehicle hits instability boundary. The obtained time is the minimum attainable time for the lane change, recorded as (t m ) min , considering environment and vehicle conditions. This scenario is repeated for velocities between 60 to 120 km/h with the increment 20 km/h. For each specific velocity, maximum tyre-road friction coefficient from 0.1 to 1.2 with increment 0.1 are considered. All the experiments are executed for the loaded and unloaded vehicle, conveying passengers. In total, 96 simulations are conducted. Vehicle stability is analyzed based on ESC system standard [41] . Based on this standard, the performance of the ESC system is acceptable if, in case of a change in the steering wheel (Figure 8, top) , the yaw rate does not exceed 35% and 25% of r peak (Figure 8 , bottom) after 1 and 1.7 s from the end of the manoeuvre, respectively. In Figure 8 , r peak indicates the maximum change in the yaw rate during the manoeuvre. Important vehicle parameters are presented in Table 2 .
As an example, the time history of lateral acceleration and yaw rate in two different cases are shown in Figure 9 . In this scenario, the vehicle is moving at the constant velocity of 80 km/h. The sine dwell input on the steering wheel with a frequency of 0.33 Hz and value of 90 degrees is applied to the steering system after 1 s. The tyre-road friction potential in the first friction coefficient in real time, as stated in [34] . In this study, other parameters such as the distance between front and rear axles of the vehicle are assumed to be constant. The dynamic vehicle simulation tool, IPG CarMaker, is used in this paper for analysis.
Applied Dynamic Simulation Software
IPG CarMaker is a platform to simulate vehicle dynamics and control units [35] . This tool provides a comprehensive setting for implementing driving scenarios and can be used for offline and real-time simulations for hardware-in-the-loop systems [36] . The models in IPG CarMaker are parametric, hence allowing generation of a variety of models. The development of comprehensive vehicle systems such as power train, steering, braking and tyre system can be realized [37] . Moreover, C-language codes can be added to the program and communication with MATLAB/ SIMUINK adds to the enhanced flexibility of the tool [38] . The results obtained from the pre-set models in this tool have been used and verified in various studies [39, 40] . A general view of the IPG CarMaker GUI is illustrated in Figure 7 . 
Methodology and criterion for minimum acceptable time
For this study, the vehicle is moving on a triple lane highway at constant speed. At a certain moment of time, an input shown in Figure 8 (top) is applied to the vehicle. The maximum value of steering angle, shown by θ in this figure, is determined based on the lateral position of the vehicle at the end of the manoeuvre. In other words, θ is determined such that the lateral displacement of the vehicle at the end of the manoeuvre Figure 9 and according to the evaluation criterion of [41] , the vehicle is unstable in the second manoeuvre. Hence, the lane change time is not acceptable and needs to be increased. 
Simulation results
The analysis of the simulation results, illustrated in Figure 10 , leads to the following, 1) Decrease in friction and vehicle mass and increase in speed, produces a smaller minimum acceptable time for the manoeuvre.
2) Vehicle mass increase does not affect manoeuvre time monotonically. In other words, mass increase may lead to a larger manoeuvre time in some conditions, but in other condition manoeuvre time may be reduced.
3) Velocity change has more influence on manoeuvre time increase in the presence of small friction rather than large friction.
4) The minimum acceptable time is highly dependent on maximum tyre-road friction coefficient potential.
For a better analysis of the produced curves, the influence of the mass on manoeuvre the minimum time (t m ) min is applied in a different manner. For this purpose, two available curves shown in Figure (8) , are integrated together. In the integration procedure, for each specific velocity and mass, the larger time value is selected. For instance, at 120 km/h (solid line) with the friction of 0.1, the values of time in both curves are compared. This time is 6 s for the unloaded vehicle, and 5.15 s for the loaded vehicle with passengers. By choosing the larger time, it is guaranteed that the computed manoeuvre time is acceptable for any condition in between. 2) The distance between this model and the main surface is due to a safety factor considered for the manoeuvre. The safety factor attains the highest value for high velocities and low frictions. The difference between the main surface and the TUG-LCA is shown in Figure 13; 3) The computational burden is low and hence suitable for real-time calculations; 4) The TUG-LCA model has to be computed for any specific vehicle.
Although the results are only presented for a specific passenger cars with the parameters that are described in Table 2 , the same procedure can be applied to all non-articulated vehicles such as any type of passenger cars, buses, and heavy vehicles.
Decision-Making Strategy
In this paper, the value of the required parameters to obtain t 1 , t 2 and t 3 based on the aforementioned equations are presented in Table 3 .
By calculation and comparison of these times and settings (t m ) min =t 4 , the decision can be made. Table 4 presents the possible lane change cases along with the acceptable time or time interval for the manoeuvre.
As an example, the second case in Table 4 is considered. In this case, t 1 >t 2 >t 3 >t 4 , as shown in Figure 14 . 
The presented model in (30) is labelled TUG-LCA. This model can be illustrated in 3-D as shown in Figure 12 . The TUG-LCA model has the following characteristics: 1) It is entirely above the generated surface; As presented, a trajectory between paths 1 and 2 cannot be selected, because the constraint of trajectory 2, i.e. C 2 , is not fulfilled. Moreover, all trajectories between paths 3 and 4, violate constraint C 4 . Hence, safe trajectory for lane change manoeuvre in this example can be any path which is located between trajectories 2 and 4.
The selection of the final suitable path can be made based on different criteria such as fuel and manoeuvre time minimization or passenger comfort maximization, which is not the focus of this paper. Obviously, if the comparison of the computed time does not correspond to any of the cases presented in Table 4 , the lane change manoeuvre is not allowed. If any of the three vehicles A, B and D does not exist on the path, its corresponding time is eliminated from calculations. For instance, if vehicle A does not exist, time t 1 will be eliminated and in case vehicle D does not exist, time t 3 is removed. In case of absence of all three vehicles, the time value t m = 4.3 s in section 4-4 will be used for the manoeuvre. In this case, it must be checked that this time value is larger than the minimum acceptable time produced by the TUG-LCA model; i.e. t m > t 4 .
CONCLUSION
This paper has proposed an automatic lane change decision-making algorithm for vehicles on a straight highway. The proposed algorithm considers vehicle dynamics and environmental conditions for decision making on lane change. In addition of taking into consideration the lateral position of other vehicles and maximum tyre-road friction coefficient potential, the proposed algorithm outputs a suitable time interval for lane change. For this purpose, firstly the equations for lateral displacement of the vehicle in terms of manoeuvre time were developed. Then, the critical manoeuvre time was calculated based on the introduced constraints. Finally, the decision on lane change was made by comparing the obtained time values and the suitable manoeuvre time duration was generated using a logical procedure. Various simulations were carried out considering tyre-road friction and vehicle velocity and mass. Then a model called TUG-LCA model was developed which transferred the results of off-line simulations into a real-time capable look-up table.
The advantages and innovations of the proposed algorithm include (1) inclusion of the effect of the lateral displacement of the vehicles and tyre-road friction, (2) respecting vehicle dynamics, and (3) providing real-time performance. Hence, in case of any environmental change in the middle of the manoeuvre, the modification of the path is possible. In other words, the dynamics of the process has been integrated into the proposed algorithm. Flexibility in decision-making process is (4) another advantage of the algorithm. In other words, in case of change in algorithm parameters and hence setting more conservative requirements, the safety of the manoeuvre can be enhanced. However, there might be a considerable difference between the generated and optimal path due to the imposed restrictions. On the other hand, by relaxation of the boundary conditions and hence lowering safety factors, the possibility of achieving the optimal path is increased. The simulations implemented in IPG CarMaker confirmed the effectiveness of the proposed algorithm.
During development of the proposed algorithm, some restrictions were imposed, as stated below, which are the topics for future studies, -The vehicle moves along a highway and on a straight lane, road curvature and slope have been excluded.
-The lane changing vehicle has zero longitudinal acceleration and lane change takes place at a con-stant longitudinal velocity. In real world conditions, velocity change during the manoeuvre is possible. -If lane change is not possible, the developed system produces no suggestion for speed increase or decrease to facilitate lane change manoeuvre. Only the current lateral position and velocity of the vehicle is maintained until suitable lane change condition occurs. A systematic approach for evaluating the algorithm performance in infinite possible number of traffic situations is an essential outlook for the study.
